Microglia represent the main cellular targets of HIV-1 in the brain. Infected and/or activated microglia play a pathogenic role in HIVassociated neurocognitive disorders (HAND) by instigating primary dysfunction and subsequent death of neurons. Although microglia are known to secrete neurotoxins when infected with HIV-1, the detailed mechanism of neurotoxicity remains unclear. Using a human microglia primary culture system and macrophage-tropic HIV-1 strains, we have now demonstrated that HIV-1 infection of microglia resulted in a significant increase in extracellular glutamate concentrations and elevated levels of neurotoxicity. RNA and protein analysis revealed upregulation of the glutamate-generating enzyme glutaminase isoform glutaminase C in HIV-1-infected microglia. The clinical relevance of these findings was further corroborated with investigation of postmortem brain tissues. The glutaminase C levels in the brain tissues of HIV dementia individuals were significantly higher than HIV serum-negative control and correlated with elevated concentrations of glutamate. When glutaminase was subsequently inhibited by siRNA or by a small molecular inhibitor, the HIV-induced glutamate production and the neuronal loss was diminished. In conclusion, these findings support glutaminase as a potential component of the HAND pathogenic process as well as a novel therapeutic target in their treatment.
Introduction
HIV-1 invasion of the CNS frequently causes chronic brain inflammation and progressive neurologic impairments, which are collectively termed HIV-associated neurocognitive disorders (HAND). Critical cellular components of HAND pathogenesis include macrophages and microglia, which are the main targets of HIV-1 infection in the brain. Specifically, HIV-1-infected macrophages and microglia induce neuronal injury through the production and release of various soluble neurotoxic factors including glutamate (Giulian et al., 1993; Pulliam et al., 1994; Zink et al., 1999; Belmadani et al., 2001; Jiang et al., 2001) . While glutamate mediates numerous vital physiologic processes (Cutler and Dudzinski, 1974; Fonnum, 1984; Orrego and Villanueva, 1993) , in high concentrations, it has been found to induce neuronal damage (Olney, 1971; McCall et al., 1979; Choi, 1988; Newcomb et al., 1997) . In HIV-1-infected patients, CSF glutamate levels are correlated with the severity of the dementia and with the degree of brain atrophy (Ferrarese et al., 2001) . Although HIV-1 infected macrophages have been suggested to increase extracellular glutamate (Jiang et al., 2001) , the potential sources of CSF glutamate remain elusive.
Phosphate-activated glutaminase is the primary enzyme responsible for the generation of glutamate in the CNS; it localizes to the inner membrane of mitochondria and produces glutamate by catalyzing the deamination of glutamine (Ward et al., 1983; Shapiro et al., 1985; Nicklas et al., 1987; Shapiro et al., 1991; Würdig and Kugler, 1991; Curthoys and Watford, 1995; Laake et al., 1999) . Two different phosphate-activated glutaminase, GLS1 (kidney-type) and GLS2 (liver-type), exist in mammals and are encoded by separate genes on different chromosomes (for review, see Erdmann et al., 2006) . Specifically, the GLS1 gene is located on chromosome 2 in humans (Mock et al., 1989) and has various isoforms generated through tissue-specific alternative splicing. Two of the GLS1 isoforms, glutaminase C (GAC) and kidneytype glutaminase (KGA), are present in brain tissue (Elgadi et al., 1999) , and shares much of the functional GLS1 regions but each possesses a unique 3Ј tail (Porter et al., 2002) . Because glutaminase is the predominant glutamine-using enzyme of the brain, research has suggested its relevance to glutamate production and excitotoxicity (Kvamme et al., 1982; Curthoys and Watford, 1995; Holcomb et al., 2000) . In a previous study, we have identified glutamate production by HIV-1 infected human monocytederived macrophage (MDM) (Zhao et al., 2004) . Furthermore, this increase in glutamate by MDM was found to be neurotoxic and dependent on productive HIV infection as well as the presence of glutamine and glutaminase activity (Zhao et al., 2004; Erdmann et al., 2007 Erdmann et al., , 2009 Tian et al., 2008) . Despite these research advances, the glutaminase regulation and function as well as the mechanism responsible for the excess glutamate generation by HIV-1-infected microglia remains unclear.
Increased expression of GLS1 in microglia has been suggested to contribute to neurotoxicity in a recent mouse model (Maezawa and Jin, 2010) . To determine whether microglia GLS1 contributes to HIV-1-associated neurotoxicity, in this study, we characterized the expression of the different glutaminase isoforms in microglia during HIV infection. Furthermore, we targeted microglia glutaminase by using specific siRNA and a small molecule glutaminase inhibitor, and identified GAC, one of the GLS1 isoforms, as a possible cause of excess levels of excitotoxic glutamate during HIV-infection.
Materials and Methods
Isolation, culture, and HIV-1 infection of human fetal microglia. Human fetal microglia culture was prepared from fetal brain tissue-derived microglia-astrocytes mixed culture as previously described (Chao et al., 1994; Ghorpade et al., 1998) . Enriched microglia were plated and cultured in the presence of M-CSF (macrophage colony stimulating factor; a generous gift from Genetics Institute) for an additional 7 d before experiments. All tissues were screened and found negative for endotoxin (Ͻ 10 pg/ml; Associates of Cape Cod) and mycoplasma contamination (Gen-probe II; Gen-probe Inc.). Laboratory HIV-1 ADA strain was used at a multiplicity of infection of 0.05 virus/target cell. Clade B primary viruses [D02-2562 BG (basal ganglia) and G0048 CPx (choroid plexus)] were isolated from the basal ganglia or choroid plexus in the trigone of the lateral ventricle of infected patients with HIV encephalitis (Burkala et al., 2005) . Clade C primary isolate (2669I) was isolated from peripheral blood mononuclear cells of HIV-1 infected infant pairs in Africa (Zhang et al., 2005 (Zhang et al., , 2006 . The 50% tissue culture infective dose (TCID 50 ) of each viral stock was determined by monitoring infection of TZM-bl cells obtained through NIH AIDS Research and Reference Reagent Program, and all primary viruses were infected with 800 TCID 50 /ml.
Measurements of reverse transcriptase activity. HIV-1 replication levels were determined by reverse transcriptase (RT) activity assay as described previously .
RNA extraction and TaqMan real-time RT-PCR. Total RNA was isolated with TRIzol Reagent (Invitrogen Corp) and RNeasy Kit according to the manufacturer's protocol (Qiagen Inc.). Primers used for real-time RT-PCR include GAC (ID #528445: the forward sequence was 5-TATGGAAAAAAGTGTCACCTGAGTCA-3, the reverse sequence was 5-GCTTTTCTCTCCCAGACTTTCCATT-3, and the probe sequence was 5Ј-AATGAGGACATCTCTACAACTGTA-3), KGA (ID #489954: the forward sequence was 5-CGAAGATTTGCTTTGTCA-GCTATGG-3, the reverse sequence was 5-CTCTGCAGCAGCTACAT-GGA-3, and the probe sequence was 5-CAGCGGGACTATGATTC-3), GLS1 (ID #Hs00248163_m1*) and GAPDH (part #4310884E) from Applied Biosystems Inc. Real-time RT-PCR was performed using the onestep quantitative TaqMan assay in a StepOne Real-Time PCR system (Applied Biosystems Inc.). Relative KGA, GAC, and GLS1 mRNA levels were determined and standardized with a GAPDH internal control using comparative ⌬⌬CT method. All primers used in the study were tested for amplification efficiencies and the results were similar.
Western blot. The brain tissues used in the study were acquired from Manhattan HIV Brain Bank (Dr. Susan Morgello) and Center for Neurovirology and Neurodegenerative Disorders Brain Bank (University of Nebraska Medical Center, Omaha, NE). Brain tissues were cut into 0.5 g in weight and homogenized by a Microson Ultrasonic Cell Disruptor.
The resulting homogenates were centrifuged and supernatants were saved as protein lysates. Proteins from lysates were separated by SDS-PAGE. After electrophoretic transfer to polyvinyldifluoridene (PVDF) membranes (Millipore and Bio-Rad), proteins were treated with purified primary antibodies MAP-2 (monoclonal mouse, Millipore Bioscience Research Reagents), Caspase 3, and STAT1 (Cell Signaling Technology), polyclonal antibody for GAC and KGA (Dr. N. Curthoys, Colorado State University, Fort Collins, CO), HIV-1 p24 (monoclonal mouse antip24, IgG, DAKO Corp), or ␤-actin (Sigma-Aldrich) overnight at 4°C followed by a horseradish peroxidase-linked secondary anti-rabbit or anti-mouse antibody (Cell Signaling Technology). Antigen-antibody complexes were visualized by Pierce ECL Western Blotting Substrate. For data quantification, films were scanned with a CanonScan 9950F scanner; the acquired images were then analyzed on a Macintosh computer using the public domain NIH ImageJ program (developed at the U.S. National Institutes of Health and available on the internet at http://rsb.info.nih.gov/nih-image/).
siRNA knockdown of glutaminase. siRNA knockdown in microglia was performed as previously described (Peng et al., 2006) . Briefly, siRNA duplex targeted against GAC was custom synthesized by Dharmacon (Thermo Scientific), the 19-base targeting region was GGACATCTCTA-CAACTGTA. Predesigned GLS1 siRNA (Assay ID #s5840) was purchased from Applied Biosystems. At 2 d post-HIV-1 infection, microglia were transfected with 100 nM siRNA duplex for 24 h in the presence of siIMPORTER (Millipore) according to the manufacturer's instructions. Nonspecific control siRNA from Dharmacon (part #D-001210-01-02) and Applied Biosystems Inc. (part #AM4635) were also transfected at the same concentration as controls to GAC and GLS1 siRNA, respectively.
Analyses of glutamate and glutamine by RP-HPLC. HPLC analysis was performed using an Agilent 1200 liquid chromatograph and fluorescence detector as previously described (Zhao et al., 2004 ) with a few modifications. Briefly, each 5 l sample or standard solution was derived with ortho-phthalaldehyde (OPA, Agilent) for fluorescence detection. For each experiment, 250 l of sample was used and was mixed with equal volumes of 3% perchloric acid (Aldrich). This mixture was then immediately neutralized with 11.5 l of saturated potassium carbonate (Aldrich). Samples were centrifuged at 14,000 rpm for 15 min at 4°C. Samples were then injected into the HPLC system. The experiments used 4.6 ϫ 150 mm, 3.5 m ZORBAX Eclipse AAA analytical columns (Agilent). Glutamate detection was monitored using a fluorescence detector with wavelengths of excitation at 340 nm and emission at 450 nm. A gradient elution program was optimized for glutamate measurement with a flow rate 1.5 ml/min. This program began at 100% mobile phase A, containing 40 mM sodium dihydrogen phosphate (the solution was adjusted to pH 7.8 with 10N sodium hydroxide). At 17 min, 60% mobile phase B was used containing 45% acetonitrile and 45% methanol. Total analysis time was 30 min.
Analyses of glutamate by Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit. Glutamate levels in the brain tissues were determined by Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit (Invitrogen) based on the manufacturer's instruction. Brain tissue lysates were diluted to the same protein concentration before entering the assay.
Assays of recombinant glutaminase activity. Full human GAC amino acid coding region was cloned into the pGEX-4t-1 vector and the protein was expressed with an N-terminal glutathione S-transferase (GST)-tag. The GST-tagged protein was purified by a GST.Bind Kit (Novagen). Glutaminase enzyme activity of recombinant human glutaminase was assessed by glutaminase activity assay as described previously (Erdmann et al., 2007) .
MTT reduction assay. Cell viability was assessed by MTT reduction as described previously (Jiang et al., 2001; Zhao et al., 2004) .
MAP2 ELISA. Primary rat cortical neuron (RCN) cultures were plated in poly-L-lysine-coated 96-well plates at concentrations of 4 ϫ 10 4 cells per well. MAP-2 neuronal antigen was determined in RCNs using colorimetric ELISA as described previously Constantino et al., 2011) . Briefly, fixed RCNs were blocked with 3% normal goat serum in PBS and incubated for 1 h with antibodies against MAP-2 (Millipore Bioscience Research Reagents), followed by anti-mouse biotinylated antibody (Vector Laboratories) for 30 min. Avidin/biotin complex solution (Vector Laboratories) was added for 30 min, then color was developed using TMB substrate (Sigma-Aldrich) and terminated with 1 M H 2 SO4 (Sigma-Aldrich). The absorbance was read at 450 nm using a microplate reader (Bio-Rad Laboratories). Glutamate (50 M, Sigma-Aldrich) was used as a positive neurotoxicity control. RCN culture wells in the same plate that had undergone the same procedure but were incubated without anti-MAP-2 primary antibody were used as negative control and for background subtraction.
Immunocytochemical assays. Human microglia were plated on 12 mm coverslips in 24-well plates. Five days after infection with HIV-1, cells were fixed with 4% paraformaldehyde at room temperature then incubated with methanol for 20 min at Ϫ20°C. Fixed cells were blocked with 3% bovine serum albumin in PBS and then incubated with primary antibodies to glutaminase 1 mixed with an antibody to CD163 or p24 (DAKO) at 4°C overnight. Normal mouse or rabbit IgG with matched isotype were used as negative controls for the staining. Cultures were washed and then secondary antibodies, anti-mouse IgG (coupled with green dye, Alexa Flour 488, Invitrogen) or anti-rabbit IgG (coupled with a info-red dye, Alexa Fluor 647, Invitrogen), were added for 1 h at room temperature. Nuclear DNA were labeled with Hoechst 33342 (Sigma-Aldrich) for 10 min after the secondary antibody at room temperature. Coverslips were mounted on glass slides with mounting medium (SigmaAldrich). Triple immunostaining was examined by a Bio-Rad MRC1024ES confocal laser scanning microscope using a triple laser line and simultaneous triple display mode of the Bio-Rad LaserSharp imaging program. For morphological data that demonstrated neuronal damage after exposed to supernatant of HIV-1-infected microglia, MAP2 immunostaining was examined by a Nikon Eclipse TE2000E fluorescent microscope and photographed by a digital camera (CoolSNAP EZ, Photometrics). All obtained images were imported into Image-ProPlus, version 7.0 (Media Cybernetics) for quantifying levels of MAP2 staining. The assessors were blinded during image acquisition or quantification.
Statistical analysis. Data were analyzed as means Ϯ SEM unless otherwise specified. The data were evaluated statistically by the ANOVA, followed by the Tukey test for paired observations. Significance was considered with a p value Ͻ0.05. All experiments were performed with at least three donors to account for any donor-specific differences. Assays were performed at least three times in triplicate or quadruplicate.
Results

HIV-1-infected microglia mediate neurotoxicity
Human fetal microglia were differentiated in adherent culture for 7 d in the presence of M-CSF and then were infected with HIV-1 ADA . Uninfected microglia appeared to retain their characteristic spindleshaped morphology ( Fig. 1 Aa-c), while infected microglia became larger in size due to cell fusion ( Fig. 1 Ad-f ) as the infection progressed from day 1 through day 7. The HIV-1 replication levels, assessed by the HIV-1 RT activity assay, continued to increase ( Fig. 1 B) throughout this time period in the infected microglia as well. At 1, 4, and 7 d of infection, microglia were washed and incubated in serumfree Neurobasal media for 24 h. Supernatants collected from control and HIV-infected microglia were subsequently applied to RCN culture to test their neurotoxic potential. The supernatants of microglia cultures collected from 4 and 7 d post-HIV-1 infection dramatically reduced the immunofluorescent staining of the dendritic marker MAP2 (Fig. 1C,D) , compared with uninfected control. The neuronal damage was further shown by cell viability assay of the RCNs (Fig. 1 E) , or a semiquantitative ELISA assay (Fig. 1 F) for the MAP2 immunoactivity in the culture. Similar to the morphological changes of dendrites, the viability assay and MAP2 ELISA showed a decrease of cell viability and reduction of MAP2 immunoactivity when exposed to HIV-1-infected microglia supernatant, compared with the uninfected supernatant. To further verify the neurotoxic potential of HIV-1-infected microglia, three primary HIV-1 isolates were used to infect microglia. The primary virus included two clade B and one clade C isolates previously characterized in our lab (Constantino et al., 2011) . These primary viruses established infection in microglia, which was demonstrated by the elevated HIV-1 RT activity of the culture supernatants (Fig. 1G) . Similar with HIV-1 ADA , primary HIV-1 isolate-infected microglia were also neurotoxic, dramatically reducing the cell viability (Fig. 1 H) and the MAP2 immunoactivity (Fig. 1 I) of RCNs. These data suggest that HIV-1-infected microglia are highly neurotoxic. Because the neurotoxic effect resulted from treatment with culture supernatant of HIV-1-infected microglia, it is likely that one or more soluble factors secreted by the cells are responsible.
Neurotoxicity of HIV-1-infected microglia is dependent on glutamate production
As stated previously, high concentrations of extracellular glutamate induce neuronal damage. While it has been established that HIV-1-infected macrophages are an important cellular source of extracellular glutamate, it is unclear whether HIV-1-infected microglia have similar potential. To determine the extracellular glutamate concentration, we used RP-HPLC to quantify the levels in microglia culture supernatants over the course of HIV-1 infection. As the infection progressed from day 1 through day 7, the concentration of extracellular glutamate continued to increase (Fig. 2 A) . Similarly, primary HIV-1 isolate-infected microglia increased the concentrations of extracellular glutamate, when compared with the uninfected control (Fig. 2 B) . The RCN viability, as well as MAP2 immunoactivity, was inversely correlated with the glutamate concentration (Fig. 2C,D) . Interestingly, the Spearman correlation between neurotoxicity and glutamate (r ϭ Ϫ0.8644) was stronger than the correlation between the neurotoxicity and the HIV-1 replication level (r ϭ Ϫ0.5439), indicating a critical role of glutamate in the HIV-1-related neurotoxicity.
HIV-1-infected microglia mediate neurotoxicity through the NMDA receptor To further characterize the neurotoxicity mediated by HIV-1-infected microglia, we tested the involvement of NMDA receptor activation and apoptosis. We pretreated RCNs with MK801, an NMDA receptor antagonist, which effectively blocked NMDA receptor activation. Pretreatment with MK801 blocked glutamate-mediated neurotoxicity (Fig. 3 A, B , four columns to the right). Furthermore, pretreatment of MK801 blocked the neurotoxicity mediated by HIV-1-infected microglia (Fig. 3 A, B , four columns to the left). Similar results were obtained by Western blotting for MAP2 (Fig. 3C) , suggesting that HIV-1-infected microglia mediate neurotoxicity through the NMDA receptor. The HIV-1-infected microglia also induced the activation of caspase 3 in RCNs, which indicates the involvement of apoptosis in the neurotoxicity (Fig. 3C) . Interestingly, the apoptosis can be blocked by either MK801 (Fig. 3C,D) or a pan-caspase inhibitor (Fig. 3D) . Together, these data suggest that HIV-1-infected microglia mediate neurotoxicity through the NMDA receptor, and this neurotoxicity involves, at least in part, neuronal apoptosis.
Glutaminase isoform was upregulated in HIV-1-infected microglia
Since glutaminase is the primary enzyme for glutamate production, it was important to determine whether glutaminase is upregulated in HIV-1-infected microglia. To positively identify the cell population of interest, microglia were initially labeled with CD163, a marker for macrophage and microglia, which revealed that both HIV-1-infected and uninfected microglia had positive CD163 staining under confocal microscopy (Fig. 4 A, D) . Furthermore, HIV-1-infected cells were also positive for HIV-1 capsid protein p24 (Fig. 4G) , and appeared to have formed giant multinucleated cells (Fig. 4 D-I ). Immunostaining of glutaminase 1 in the same cell cultures revealed that the immunoreactivity of glutaminase was higher in HIV-infected microglia than in the controls (Fig.  4 B, E,H ) . To determine the level of gene expression of glutaminase, real-time RT-PCR was used to evaluate glutaminase 1 and its two isoforms, GAC and KGA. Specifically, mRNA levels of KGA isoform did not increase significantly in HIV-1-infected microglia at all the time points that we examined (Fig. 5A ). In contrast, mRNA levels of GAC were upregulated during productive HIV infection at 3 and 7 d postinfection (Fig. 5B) . Together, the mRNA levels of glutaminase 1, which includes both KGA and GAC isoforms, were upregulated at 7 d post-HIV infection (Fig. 5C ). To confirm the upregulation of GAC, protein levels were quantified through Western blotting using antibodies specific to the C-terminal end of GAC.
In the representative donors presented below, there is no significant change in KGA protein levels between control and HIV-infected microglia at any time point (Fig. 5D ). In contrast, consistent with the upregulation of GAC mRNA, the protein levels of GAC were upregulated by 32, 54, and 233% at day 1, 4, and 7 postinfection, respectively (Fig. 5D ). The p24 levels in HIV-1-infected microglia were detectable by Western blotting at 4 and 7 d postinfection (Fig. 5D ), confirming productive replication levels of HIV-1 in the microglia. Together, these data demonstrate glutaminase isoform GAC is dysregulated in HIV-1-infected microglia.
Glutaminase isoform was upregulated in HIV-1-associated dementia
To further corroborate the clinical relevance of the GAC dysregulation, we evaluated the GAC levels in the frontal cortex derived from the HIV-1-infected patients, including four HIV-1 serumpositive individuals with dementia and six HIV-1 serum-positive individuals where no neuropathologic changes were detected (Table 1) . Seven HIV serum-negative patients were used as a negative control. Since enhanced expression of STAT1 has been observed in postmortem tissues with HIV-1-associated dementia (Chaudhuri et al., 2008) , we first tested whether STAT1 was increased in the HIV dementia group. Indeed, STAT1 was significantly increased in tissues with HIV-1-associated dementia, when compared with HIV-1-infected individuals without dementia or HIV serum-negative controls (Fig. 6 A, B) . After confirming the innate immune response in tissues with HIV-1 dementia, we went on to determine KGA and GAC levels in the tissues. The KGA levels did not show any significant regulation (Fig. 6C) . In contrast, the GAC levels in HIV dementia individuals were significantly higher than HIV-1-infected individual without dementia or HIV serum-negative control (p Ͻ 0.05, Fig.  6 D) . Interestingly, the levels of GAC were correlated with the STAT1 levels (Fig. 6 E) , indicating the regulation of GAC may be part of an immune response to HIV-1 infection in the CNS. We also detected the glutamate concentrations in the brain tissues through a Glutamic Acid/Glutamate Oxidase Assay Kit. As expected, the glutamate concentrations were higher in HIV-1 Figure 6 . Dysregulation of glutaminase in brain tissues of HIV-1-associated dementia. A, Postmortem brain tissue collected from HIV-1-associated dementia patients, HIV serumpositive patients without dementia, and HIV serum-negative patients were lysed and subjected to Western blotting for STAT1, KGA, and GAC. ␤-Actin levels were used as loading controls. B-D, Levels of STAT1 (B), KGA (C), and GAC (D) were normalized as a ratio to ␤-actin and shown as fold change relative to the average of HIV serum-negative controls. *p Ͻ 0.05, **p Ͻ 0.01 compared with HAND patients. E, Correlation of GAC with STAT1 was determined by Spearman correlation. F, Glutamate concentrations in the brain lysates were shown. G, Correlation of GAC with glutamate levels was determined by Spearman correlation. Reduced neurotoxicity by glutaminase 1 siRNA. Control (Ϫ) or HIV-1-infected microglia (ϩ) were transfected with glutaminase 1 or control siRNA, and supernatants, RNA were collected. GAC expression (A), GLS1 expression (B), and KGA expression (C) were determined by real-time RT-PCR. D, Glutamate concentrations in the culture supernatant were determined by RT-HPLC. RCN cultures were treated with supernatants from microglia cultures. E, F, Cell viability and neuronal loss were determined by MTT (E) and MAP2 ELISA (F ), respectively. **p Ͻ 0.01 compared with control siRNA group.
## p Ͻ 0.01 compared with HIV-1-infected microglia transfected with control siRNA. serum-positive tissues (Fig. 6 F) , consistent with previous publication (Ferrarese et al., 2001 ). More importantly, the glutamate concentrations in the brain tissues were significantly correlated with the GAC levels (p Ͻ 0.05, Fig. 6G ), indicating that dysregulated glutaminase may be responsible for the elevated glutamate levels in those HIV-1 serum-positive patients.
siRNA knockdown or inhibitor of the GAC isoform reduced neurotoxicity induced by HIV-1-infected microglia
To test the functional significance of glutaminase upregulation in HIV-1-infected microglia, we applied siRNA to the culture. Microglia were infected with HIV-1 ADA for 2 d before being transfected with either nonspecific siRNA or siRNA targeting the GLS1. A siRNA targeting a coding region of GLS1 shared by its isoforms, including GAC and KGA, was initially used. Four days post-siRNA transfection, RNA was collected and real-time RT-PCR analysis demonstrated a decrease in glutaminase 1 (Fig. 7A) , GAC (Fig. 7B) , and KGA (Fig.  7C) mRNA. Glutamate levels in the culture supernatants of HIV-1-infected microglia were also significantly decreased by GLS1 siRNA compared with nonspecific siRNA-transfected HIV-infected cultures (p value Ͻ0.01, Fig. 7D ). When tested for neurotoxic potential in RCNs, application of supernatant collected from GAC siRNA-transfected HIV-1-infected microglia resulted in higher cell viability ( Fig. 7E ) and higher MAP2 immunoreactivity ( Fig. 7F ) than supernatants from nonspecific siRNA-transfected HIV-1-infected microglia, suggesting the neurotoxic potential of microglia glutaminase 1 during HIV-1 infection.
Since the glutaminase upregulation in HIV-1-infected microglia was found to be predominantly in its GAC isoform, we next tested the relevance of GAC to the neurotoxic potential of HIV-1-infected microglia. In a transfection procedure similar to that of the GLS1 siRNA, HIV-1-infected microglia were transfected with either nonspecific siRNA or siRNA targeting the C terminus of GAC. Real-time RT-PCR analysis demonstrated a decrease in glutaminase 1 and GAC mRNA following transfection with GAC siRNA (Fig.  8 A, B) , whereas the levels of KGA mRNA were not affected (Fig. 8C) . Glutamate levels in the culture supernatants of infected microglia were found to be significantly decreased by GAC siRNA in infected microglia cultures compared with the nonspecific siRNA-transfected HIV culture (p value Ͻ0.01, Fig. 8 D) . Furthermore, supernatant collected from GAC siRNA-transfected HIV-1-infected microglia had higher MAP2 immunoreactivity (Fig. 8 E, F,H ) and higher cell viability (Fig. 8G ) than supernatants from nonspecific siRNA transfected HIV-1-infected microglia, suggesting the neurotoxic potential of microglia GAC during HIV-1 infection.
In previous publications, we tested a panel of glutaminase inhibitors, one of which showed an excellent potency with minimal toxicity to neurons or macrophages (Erdmann et al., 2007; Tian et al., 2008) . Here we have further tested the inhibitor in the glutaminase activity of recombinant human GAC. The control inhibitor compound showed minimum inhibition of glutaminase activity, whereas the glutaminase inhibitor showed a dosedependent inhibition of glutaminase activity (Fig. 9A) . This specific inhibitor was subsequently used to help determine the Figure 8 . Reduced neurotoxicity by glutaminase C siRNA. Control (Ϫ) or HIV-1-infected microglia (ϩ) were transfected with glutaminase C or control siRNA, and supernatants, RNA were collected. GAC expression (A), GLS1 expression (B), and KGA expression (C) were determined by real-time RT-PCR. D, Glutamate concentrations in the culture supernatant were determined by RT-HPLC. RCN cultures were treated with supernatants from microglia cultures. E-H, Morphological changes of neurons and dendrites, cell viability, and neuronal loss were determined by MAP2 staining (E, F ), MTT (G) and MAP2 ELISA (H ), respectively. **p Ͻ 0.01 compared with control siRNA group, ## p Ͻ 0.01 compared with HIV-1-infected microglia transfected with control siRNA.
role of glutaminase in HIV-1-infected microglia-mediated neurotoxicity. Preincubation with the glutaminase inhibitor for 24 h did not affect HIV-1 replication levels in microglia (Fig. 9B ), but significantly reduced the glutamate levels in the supernatant (Fig. 9D) . Along with the reduction of glutamate levels, the neurotoxicity was also blocked by the glutaminase inhibitor, indicating a critical role of glutaminase in the production of glutamate during HIV-1 infection of microglia (Fig.  9C ,E-G).
Discussion
Our previous reports have described elevations in the levels of glutaminase isoform GAC, glutamate, and the neurotoxic potentials in HIV-1-infected MDM (Zhao et al., 2004; Erdmann et al., 2007 Erdmann et al., , 2009 Tian et al., 2008) . Despite these studies, little information is currently available describing the contribution of the excess glutamate in the resident brain cells during HAND. In the present study, we used a well characterized human fetal microglia culture. HIV-1 infection in this microglia culture produced significantly higher levels of glutamate in the supernatants and cause greater levels of neurotoxicity through the NMDA receptor when compared with uninfected controls (Figs. 1-3) . Furthermore, RNA levels of the glutaminase 1 and its isoform GAC were found to be significantly increased during productive HIV-1 infection (Figs. 4, 5) . These findings were supported by Western blotting of glutaminase protein where the GAC were found to be increased (Fig. 5) . The relevance of the glutaminase to the neuropathogenesis of HIV-1 infection, particularly with regard to the HIV-1-associated dementia, was further indicated when GAC levels in the postmortem tissues of HIV dementia individuals were significantly higher than HIV-1-infected individual without dementia or HIV serum-negative control (Fig. 6) . The GAC levels in the brain tissues were significantly correlated with the glutamate concentrations, indicating that dysregulated glutaminase may be responsible for the elevated glutamate levels in HIV-1 serumpositive patients. Last, both a small molecule GLS inhibitor, as well as siRNA targeting of the GAC isoform in microglia significantly decreased glutamate production and alleviated HIV-1-mediated neurotoxicity (Figs. 7-9 ). These findings support the hypothesis that HIV-1 infection enhances glutamate generation through GAC, one of the GLS1 isoforms in microglia, and therefore leads to an increase in NMDA receptor-mediated neurotoxicity. Cumulatively, we characterized glutaminase regulation in HIV-1-infected microglia and identified mitochondrial glutaminase as a potential source of excess glutamate production.
Microglia are the resident macrophage in the brain and are associated with the pathogenesis of inflammatory brain disorder such as HAND. Our study extends many previous observations into microglia, which show similar aspects with MDM, includes glutamate production, glutaminase regulation, and neurotoxic potentials. However, the potential differences of HIV-1 infection in MDM versus microglia were highlighted in this study. Our cultured microglia had distinct morphology and were plated in a much less density (0.1 million microglia versus 1.1 millions Figure 9 . Reduced neurotoxicity by glutaminase Inhibitor. A, Recombinant GAC was treated with various concentrations of glutaminase inhibitor or a control compound. The glutaminase activity were determined by enzyme a activity assay. **p Ͻ 0.01 compared with control inhibitor compound. Control or HIV-1-infected microglia were treated with glutaminase inhibitor, control compound, or solvent control (DMSO) and supernatants were collected. B, HIV replication levels were determined by RT activity assay. D, Glutamate concentrations in the culture supernatant were determined by RT-HPLC. C, E-G, RCN cultures were treated with supernatant from microglia culture. Morphological changes of neurons and dendrites, cell viability and neuronal loss were determined by MAP2 staining (C, E), MTT (F ) and MAP2 ELISA (G), respectively. *p Ͻ 0.05 compared with control compound; **p Ͻ 0.01 compared with microglia treated with control compound or solvent control, ## p Ͻ 0.01 compared with HIV-1-infected microglia treated with control compound or solvent control.
MDM per well). Although purified microglia have the potential to proliferate and we do see an increase in the cell number over time during the adherent culture of microglia, the number of microglia in the study is by no means close to that of the dense culture of MDM. Despite at a reduced cell density, microglia produce markedly elevated glutamate levels. In this sense, microglia, as resident cells in the CNS, may have greater relevance to glutamate production and the excitotoxicity compared with MDM.
Excitotoxicity through the NMDA receptor is a fundamental component of various neurodegenerative disorders. In HAND, although a variety of factors clearly contribute to HAND pathogenesis, glutamate appears to be a critical component of HAND excitotoxicity. Glutaminase converts glutamine, which is widely available in the CNS in the millimolar range, to glutamate in an energetically favorable process. Identify the cell type specific glutamate production and the underlying mechanisms are important. It has been hypothesized that increased glutamate release, reduced glutamate uptake, increase glutaminase gene expression, enzymatic activity, or release from brain cells could contribute to the excess levels of glutamate. More recently, microglia glutaminase has been suggested to have neurotoxic potentials in MECP2 knock out mice, which underlined the potential pathogenic role of dysregulated glutaminase in the CNS (Maezawa and Jin, 2010) .
Little is known about how glutaminase expression is regulated. Recent papers suggest a role for mir-23a/b and NFB in the regulation of glutamines (Gao et al., 2009) . Inflammatory factors, notably TNF-␣, also have the ability to increase glutaminase levels in microglia (Yawata et al., 2008) . Further, the glutaminase locus is located immediately next to STAT1 on chromosome 2, a predominant pathway of HIV-induced inflammation. Indeed, we have recently identified that type I interferon regulates glutaminase expression through STAT-1 binding (Zhao et al., manuscript in preparation) . We have also found that STAT1 phosphorylation is markedly increased in HIV-1 infected microglia (Data not shown), similar to that observed in HIV-1-infected MDM . It is possible that after HIV-1 infection the innate immune response of the microglia, including the subsequent inflammatory response, leads to the upregulation of glutaminase, particularly the GAC isoform that is seen in this study. In addition, viral infection leads to formation of multinucleated giant cells, as well as the development of mitochondrial stress. This cellular stress has the potential to disrupt membrane stability thereby leading to release of mitochondrial glutaminase.
It has yet to be confirmed that HIV-1-infected microglia have a glutaminase release similar to that seen in infected MDM (Erdmann et al., 2009) .
Our study identified the enzyme glutaminase was required for the excess glutamate production in HIV-1-infected microglia. Glutaminase protein upregulation was a straightforward hypothesis and was our initial primary focus, but preliminary studies failed to identify any protein regulation of the glutaminase KGA isoform in microglia, similar to that observed with MDM. We were however able to consistently observe GAC upregulation at stages of HIV-1 infection in human microglia. Which component of the HIV-1 infectious process in microglia is responsible for the regulation of glutaminase and the influence of the in vitro environment is not known. The overall significance of the glutaminase isoforms is still unclear, but GAC regulation has recently been observed in a variety of tumors (Szeliga et al., 2008) , indicating the GAC isoform is possibly regulated in an active fashion whereas KGA is constitutively expressed. The significant upregulation of GAC mRNA is consistent with the increase in protein levels (Fig. 5) . This upregulation is capable of instigating the vast increase in glutamate levels observed in culture, resulting in enhanced cell damage and death (Fig. 8) . Despite the dramatic effects of glutaminase in in vitro culture, the relative contribution of glutaminase to neuropathology in vivo is still unclear, as is the importance of the GAC isoform specifically.
Another GLS isoform, live type GLS2 was originally thought to be present only in adult liver tissue, but emerging evidence has revealed that GLS2 expression also occurs in extrahepatic tissues, such as brain. Although GLS2 is present in the brain, the ratio of GLS2 to GLS1 is very small in the brain (Baglietto-Vargas et al., 2004) , indicating that most of the brain glutaminase are GLS1, We have test the GLS2 expression in microglia. Notably, while the primers we used had similar amplification efficiency, the GLS2 expression lagged behind GLS1 by at least 10 cycles, putting GLS2 expression at a level close to absent. Thus it is assumed that there is less relevance of GLS2 to HIV-1-infected microglia when compared with GLS1.
Glutaminase may contribute to neuronal damage through glutamate toxicity or enhance oncogenic transformation or growth of cancer cells, the ability to block its function may provide significant therapeutic avenues in a variety of diseases. In HAND, multiple pathways converge to sensitize neuronal populations and generate excitotoxic insults through NDMA Ca 2ϩ influx . Preventing NMDA receptor stimulation with agents such as MK-801 causes serious side effects and therefore is not a viable therapeutic approach. However, partial blockade of NDMA receptors with the drug memantine has shown therapeutic benefit with limited complications (Anderson et al., 2004; Chen and Lipton, 2006) . Similarly, targeting all glutaminase will expect significant side effects due to its vital roles in not only generation of glutamate as a neurotransmitter, but also its contribution to cellular metabolism as was evidenced by recent knock-out studies (Masson et al., 2006) . However, drugs that modulate glutaminase may be able to control excess glutamate generation and reduce excitotoxicity. Through the determination of the mechanisms involved in this process, and the development of glutaminase inhibitors such as those tested in our previous work (Erdmann et al., 2007; Tian et al., 2008) , glutaminase may emerge as a viable therapeutic target of neurodegenerative disorders.
